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4. Multipass translation.

4.1. Storage allocation during translation.
The importance of the scheme used for storage allocation during

translation forced itself upon our attention through our work with the
DASK ALGOL compiler. This compiler was based on principles which
ignored the problems attendant on using a machine with a non-homo-
geneous store. The ill effects of this approach showed themselves in two
ways. First, the writing of the translator became a continual struggle
(and a very time-consuming one) to fit the translator programs and
tables into the machine. Second, the frequent transfers of programs
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and tables to and from the drum limit the speed of the compiler to a
level which is entirely out of harmony with the internal speed of the
machine.

4.2. The translation problem in machines with a non-homogeneous store.
The translation of an ALGOL program consists basically in the com-

bination of two bodies of information, viz. the information supplied by
the ALGOL source program and that of the translation program (the
translator). In a machine with a non-homogeneous store we will at any
time during translation have only a small fraction of each of these
two bodies at our disposal in the fast store. The principal aim in designing
the storage allocation scheme is to avoid that the part of the bodies
being in the focus changes rapidly in a random manner.

Part of this aim may be achieved by using sequential scanning of
the program text. By this we will understand that each basic translation
process treats all or nearly all the symbols of the text by taking them
in order from one end of the program to the other, producing at the
same time a transformed text as output. This method of processing
obviously avoids random references to the source program.

Where the translator program is concerned the answer to the basic
storage allocation requirement is to divide the translation process into
a number of separate passes. In each pass we will then need only a
fraction of the total translator program.

This still leaves to decide, what is the best number of translator
passes? The conflicting factors are, on one hand, that if we use few
passes then the translator program of each pass will be long and at a
certain point we are again back in the situation where we have to divide
the translator program between the fast and the backing store, and on
the other that if we use a large number of passes, then the total cost of
transferring the program from the backing store to the fast store once
for each pass will become comparable to the time of making a very few
references to each part of the program, but in a random order.

The actual proportions will depend strictly on the data transfer
characteristics of the machine. In GIER ALGOL the drum is the only
backing store available. If, as a first very rough guide, we consider the
times required to refer to a word placed on the drum we get:

Access Drum Total
time time time

Random 0.05 mS 20mS 20mS
Sequential 0.05 - 0.5 - 0.55 -

1 ._
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Thus under these circumstances we may perform more than 35 sequential
references to all words of a text during the time it takes to refer once to
each word of the same text in a random manner.

If on the other hand we try to make a guess as to the number of passes
which would be necessary in order to avoid drum transfers of translator
program during each pass we can proceed as follows: The total size of
the translator ought not to exceed 5000 words (DASK ALGOL has
about 5500 40-bit words). If we remember that each pass will require
space for tables the average size of the program of a pass ought to be
about 500 words. This then indicates that about 10 translator passes
might be expected.

Comparing these preliminary estimates we arrive at the following
conclusion: The translator should be designed on the basis of the prin-
ciple that each pass, including all necessary tables, must be small
enough to be held in the core store. The exact number of passes, estimated
to be about 10, should be adjusted to fit the most logical division of
the translation process consistent with this principle and need not for
its own sake be kept small.

4.3. Intermediate languages.
In a multiscan translator the choice of intermediate languages be-

comes of prime importance. The following conflicting factors have to be
considered: From the point of view of the individual scans (or translator
"passes") great flexibility and a great multitude of structures of varying
length is desirable. From the point of view of the programs which have
to perform the packing and unpacking of information, which is necessary
during each scan, uniformity of structure is desirable. Uniformity is
also desirable for translator checking purposes.

In view of these considerations the followingcompromisewas adopted:
All intermediate languages are expressed in terms of basic units of in-
formation each of 10 bits. This unit is called a "byte". Thus the input
to each pass and the output from it will always consist of a uniform
string of bytes. Within each intermediate language any amount of struc-
ture within this byte string may be employed in order to communicate
more intricate structures. Thus, for example, a number in the original
ALGOL program will in most of the intermediate languages be repre-
sented by 5 consecutive bytes, the first being a distinct "number mark"
while the remaining four supply the actual value of the number. How-
ever, from the point of view of the general packing and unpacking
program the various intermediate languages are undistinguishable, since
they all consist of just a uniform byte string.
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By this method the programs which will perform the packing and
unpacking of the intermediate versions of the program and which will
take them from the drum and store them on the drum will be the same
for all passes. In addition since the output from each pass is always of
the same form the same test output program can be used for all passes
and can be coupled to the common paRSadministration.

4.4. Reverse scans.
In a multipass translator it is highly advantageous to let some of the

scans be reverse scans, i.e. scans which start at the end of the program
and move towards the begin. First of all the problem of forward refer-
ences clearly is solved completely in this manner. In addition it becomes
easy to eliminate syntactically incorrect sections of the program during
the translation. This is important because it is highly desirable that an
error which has been detected does not prevent the translation process
from continuing to check the rest of the program. Two of the 9 passes
of GIER ALGOL are reverse scans.

4.5. The general pass administration.
According to the description given above all passes use the same gen-

eral pass administration. As far as the individual pass programs are
concerned the general pass administration is a subroutine with two
entries, one for input and one for output. In fact these two entries are
almost completely independent since they use two independent buffers
in their communication with the drum. The general pass administration
uses 4 sections of 40 words each in the core store. Two of these are used
as buffers for the input to the pass programs, the other two for the out-
put from the pass program. Normally one of the input buffers holds the
bytes of that section of the program which is presently being processed
by the pass program while the other input buffer holds the next input
drum track. When all the bytes on the active buffer have been used the
transfer from drum of the next following drum track is initiated.
At the same time the pass program can proceed to process the input
bytes waiting in the other input buffer. A similar buffering technique
is used on the output side.

The bytes are packed into the GIER-words with 4 bytes in a word.
Thus one drum track holds 160 bytes. The unpacking (on the input side)
and packing (on the output side) of the bytes into the words are per-
formed by the general pass administration. This turns out to be a more
time consuming process than the corresponding drum transfers. In fact

L
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the average unpacking time per byte is about 220 microseconds, which
means that the unpacking of the 160 bytes on a track will take about
35 milliseconds. This again means that except for collisions between
drum transfers called from the input and output side the time for drum
transfers will be negligible, owing to the parallel operation during drum
transfers in GIER. The time for packing on the output side being about
260 microseconds per byte, the total time for the administration of a
pass becomes about 77 milliseconds per drum track plus the time wasted
due to collisions of drum transfers, about 5 milliseconds on the average.
The processing time per byte of course varies greatly, the minimum
being about 80 microseconds (direct copying from input to output).
At an early stage of the development we guessed that an average byte
processing time of 500 microseconds, corresponding to about 10 instruc-
tion execution times, might be expected. On this assumption the pass
administration and processing times are comparable and the total time
for 10 passes will be about 2 seconds per drum track. This proved to
correspond closely to the final performance.

On the drum the tracks holding the partially translated program
are used in a cyclic manner. About half the drum is available for this,
while the rest of the drum holds the translator and the running system
programs. Suppose that the available tracks are numbered from 1 to N.
The first pass will then place its output in tracks no. 1 to M, say, where
clearly M ~N. The second pass will take its input from tracks no. 1, 2,
etc. and will place its output in tracks M + 1, M + 2, etc. When output
to track no. N has been made the administration will continue to output
into track no. 1, 2, etc. which presumably have now been released by
the input side administration. This process is continued smoothly from
one pass to the next, except for the case that the direction of scanning
is reversed. This does not cause any difficulty however, since the cyclic
use of the drum tracks may with equal ease take place in either direction.
Only in the programs which perform the packing and unpacking a few
changes are necessary.

4.6. Distribution of tasks among the translation passes.
Once the great advantages of a multipass compiler are established, the

problem remains to distribute the translation tasks among the passes.
As will be shown below the solution of this problem follows in a straight-
forward manner from a consideration of the basic characteristics of
ALGOL 60, of our basic demands on the compiler, and of the multipass
scheme itself. These characteristics are:
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1. ALGOL 60 characteristics: identifiers of arbitrary length; the
characteristics of quantities are given by explicit declarations which
may appear scattered among the program text (labels, procedure bodies
referring to each other).

2. Demand on the compiler: it should detect virtually any number of
formal errors of a program in a single translation. No kind of error
should cause the compiler to be thrown off the track.

3. Multipass scheme: the program, tables, and working space of each
pass must be accomodated entirely within the core store.

The proper sequencing of passes may now be established as follows:
First, it follows from points 1 and 2 that at least two major checking
processes must be distinguished. The first must analyze and check the
delimiter structure, without regard to the types and kinds of identifiers.
When this has been completed another process will be able to check
and analyze the operand structure. In addition to these two processes
we must have a first pass which will convert the hardware representa-
tion used for input into a form which gives the ALGOL 60 symbols
directly. As our first rough picture we may therefore distinguish the
following 3 phases, numbered in anticipation of the following discus-
sion:

Pass 1. Analysis of hardware representation (microscopic context).
Pass 3. Analysis of delimiter structure (intermediate level context).
Pass 6. Analysis of types and kinds of quantities (global context).

Now, in view of our basic requirement on the size of each pass it is
clear that tables of descriptions of the identifiers of the program can
only be accomodated in translation passes which do not also require
elaborate programs. There are essentially two such tables to consider:
a table which holds the original form of the identifier (the actual letters
and digits) to be used in matching the identifiers, and a table of descrip-
tions of the kinds, types, and storage assignment, of the identifiers, to
be used in generating the final code realizing the active parts of the
program.

Identifier matching can in principle be made as soon as the micro-
scopic structure has been established, but need not be done until the
identifier description table is formed. However, in order to reduce the
length of the intermediate language string representing the program it is
advantageous in practise to do it early, i.e. before the analysis of the
delimiter structure. Identifier matching is therefore done in pass 2.
The fact that by this method the same identifier will be represented
alike whether it denotes the same quantity, or, through the block struc-
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ture, different quantities, does not cause any difficulty since in any
case the association of identifiers with blocks is best postponed until the
table of identifier descriptions is formed.

The table of identifier descriptions can only be formed after the analysis
of the delimiter structure but must precede the processing and check of
expressions. Because of the fact that ALGOL 60 effectively allows
identifiers to be declared anywhere in the block in which they are local
(labels) the establishment of the table of identifier descriptions of a block
requires a scan of the complete block (Pass 4). Again, since the pass
which performs the processing of expressions cannot be expected to hold
the complete table, we must insert an additional pass, which serves only
to distribute the information of the identifier description table to each
place in the program where an identifier occurs (Pass 5).

In order to take best advantage of the block structure of ALGOL 60
programs, these two last mentioned passes are best arranged as a reverse
pass followed by a forward pass. In this way the table of identifier de-
scriptions need not be able to hold all quantities of the program simul-
taneously, but only the largest number of quantities which is available
at any point of the program. We do not take full advantage of this
possibility in GIER ALGOL but actually proceed as follows: During
the reverse pass 4 the descriptions of identifiers are collected in a stack.
Each time a block begin is encountered the top section of the stack is
emptied into the program. During the forward pass 5 the identifier
description table consists of a normal table having one position for each
distinct identifier of the program plus a stack used to hold the descrip-
tions of identifiers which have been declared to have different meaning.
Each time a block begin is encountered the declarations of local quanti-
ties within the block are copied from the input into the table of descrip-
tions. If the table already holds a description at a position which is
about to be filled, the previous description is placed in the stack. Through-
out the program the identifiers are now replaced by their full descrip-
tions, such as they may be found in the table. When a block end is
encountered the descriptions of quantities having the current block
number are deleted from the table and previous descriptions restored
from the stack. It will be noted that the use of a table having one posi-
tion for each distinct identifier during the second of these passes actu-
ally will waste space. On the other hand we gain a great advantage in
speed since the description of an identifier, given its number, may be
found directly in the table. If a stack had been used for all currently
active descriptions the retrieval of a description would need a search
through the stack.
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The above discussion covers the analyzing and checking stages of the
compiler. The remaining part of the compilergenerates the final machine
code and places it in the correct locations on the drum tracks. In order
to reduce the bulk of the logic which generates the one-address-instruc-
tion form of the program, pass 6, which performs the checking of types
and kinds, also transforms the expressions into reverse Polish strings
(Ref. 14). Pass 7 transforms this to a form which specifies the final
machine instructions for arithmetic instructions while the final storage
and internal references are still open. Pass 8 arranges the final machine
instructions on the drum tracks and calculates the internal references.
Finally, pass 9 rearranges the segments on the drum.

The tasks of the passes may be summarized as follows:

Pass 1. Analysis and check of hardware representation. Conversion to
reference language. Strings are assembled.

Pass 2. Identifier matching. In the output each distinct identifier is
associated with an integer between 512 and 1022.

Pass 3. Analysis and check of delimiter structure. DeIimiters of mul-
tiple meaning are replaced by distinctive characters. Extra
delimiters are inserted to facilitate the later scanning.

Pass 4. Collection of declarations and specifications at the begin of
blocks and in procedure headings. Rearrangement of procedure
calls.

Pass 5. Distribution of identifier descriptions. Storage allocation of
variables.

Pass 6. Check of types and kinds of identifiers and other operands.
Conversion to Reverse Polish notation.

Pass 7. Generation of machine instructions for expressions. Allocation
of working variables.

Pass 8. Final addressing of program. Segmentation into drum tracks.
Production of final machine code.

Pass 9. Rearrangement of the program tracks on the drum.

phabets of the output languages of all the passes are given in the ap-
pendix 2 of ref. 2.

The treatment of literal constants (strings, numbers, logical values) is
dictated primarily by the run-time storage allocation of program. As
already mentioned any constant used from one particular program seg-
ment track must be stored on that same track. Therefore constants
must be carried through the translation process up to pass 8 at the place
in the program where they occur. In other words, no table of constants
for the complete program is ever formed. This treatment offers the ad-
vantage that during pass 7 constant operands may receive special
treatment. In particular it is possible to evaluate any arithmetic ex-
pressions or subexpressions which deal entirely with constant operands.
The individual classes of constants are processed as follows: Strings are
assembled in pass 1. Those which are short enough to be stored in a
single word are output as five bytes of which the four give the value of
string when concatenated. Longer strings are placed in a list held on the
topmost drum tracks and the drum track number and relative address
replace the actual string in the five bytes communicated as output.
Numbers are assembledin pass 3 and again are represented by five bytes.
Similarly the logical values are output from pass 3 as five bytes. Con-
stants pass unchanged through passes 4 and 5. In pass 6 the three types
of constants are checked for compatibility with context. In pass 7
arithmetic expressions with constant operands are evaluated, but
otherwise the constants pass through in the same form. Finally in pass
8 a constant table is built up separately for each program track. This
table will also hold the program point descriptions necessary for local
jumps from one segment to another.

Identifiers are assembled in pass 2. In the output from pass 2 each
distinct identifier will be represented by an integer in the range 512 to
1022,irrespective of the block structure of the program. These integers
pass unchanged through pass 3. In pass 4 the declarations of identifiers
are collectedwhereas identifiers appearing in any other way pass through
unchanged. In the output from pass 5 they are replaced by descriptions
of four bytes each, giving the kind and type of the quantity, the block
number, the block relative address, and where relevant an additional
number specifyingthe number of subscripts, of parameters, or of switch
elements, in the declaration of the quantity. In pass 6 the information
on kind and type and on the number of parameters is used for checking
and at the same time removed. The output from pass 6 describes the
quantities only by three bytes, giving the block number and block
relative address. In the output from pass 7 these operands can only

4.7. Examples of translator action.
The practical implications of the above division of the translation

process into 9 passes may be explained by describing the fate of some of
the language features through the process. These descriptions will give
some examples of the contents of the actual byte strings produced by
the passes. The individual bytes will be identified by bold-facedwords,
like delimiters in ALGOL 60. It may be noted that the complete al-

._,."--_ ...._-_ .._---------
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appear in association with bytes describing the operation parts of ma-
chine instructions. In pass 8 the operand descriptions are finally con-
verted to machine addresses with the appropriate modifications (in-
direct, relative, indexed, etc.).

Simple expressions are structurally unchanged through the passes 1
to 5. In pass 6 the parenthesized expressions are converted to the Reverse
Polish form in which the operands are quoted in exactly the same order
as in the source text while the operators appear in the order in which
they must act (Ref. 14). It may be noted that although this use of a
Polish notation as an intermediate language is inspired by the tech-
niques used by the Michigan school (Ref. 13) we do not see any advan-
tages in the use of the quadruples suggested by Kantorovich (Ref. 15)
because this notation introduces explicit names for working quantities
which in many cases will have to be eliminated later. Our pass 6 operates
in the manner described by Dijkstra (Ref. 7) and produces the Reverse
Polish form, as defined by Hamblin (Ref. 14). In pass 7 the Reverse
Polish form is converted into a form which makes explicit reference to
the machine instructions and working locations. During this pass the
order of references to operands is changed so as to minimize the use of
working locations in so far as this is compatible with the possible side
effects induced by references to procedures or formal parameters called
by name. Thus, if a, b, and c are simple variables the expression

ax(b+c)

will require the following instructions:

Take b
Add c
Multiply by a.

On the other hand, if J is a formal parameter called by name belonging
to such a block level that it may affect the simple variable a the expres-
sion

a x (J+c)

will give rise to the following instructions:

Take a
Place in working location
Take value ofJ
Addc
Multiply by contents of working location.

I..-
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Conditional expressions are modified slightly during pass 3 so as to
make the following processing more independent of context. Thus for
example the following expression:

if b then i else j - k

will appear in the output from pass 3 as:

if-expression b then-expression i else-expression
j - k end-else-expression

Here the bold-faced words stand for specific bytes in the output from
pass 3. Thus while the input consisted of 8 bytes the output has 9 bytes.
Also the ambiguous input symbols have been replaced by unique ones.
A further differentiation of conditional expressions is produced by pass
6 where types are recognized and checked. In the output from pass 6
the input symbol else-expression is replaced by either else-RF-expres-
sion, else-R-expression or else-address-expression according to the type
of the expression (arithmetic, Boolean, or designational). A similar dif-
ferentiation is made for end-else-expression. In pass 7 these distinctions
are taken properly into account in generating the instructions terminating
the subexpressions and consequently the output from pass 7 does not
make the distinctions, but only produces bytes representing else and
end-else. Finally in pass 8 these bytes are used to form the proper jump
instructions as follows. Pass 8 in its reverse scan first encounters end-
else. This causes two copies of the current program point to be recorded
in a stack of program points. When subsequently else is encountered,
one of these is changed to point to the current point, to be used by
then, and then an unconditional jump instruction to the point recorded
in the other item of the stack is output. Similar actions are performed
at then and else-if (an if immediately following an else in the source
program). By this technique the use of conventional symbolic addresses
becomes unnecessary.

Assignment statements are first processed in passes 3 and 4 which
make the structure more explicit. As an example the following assign-
ment statement:

a:=b:=c:=d-e

will appear in the output from pass 4 as

a first- := b := c := prepare-assign d - e end-assign

where the four bold-faced combinations represent unique output bytes
from pass 4. By this transformation the type checking during pass 6
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becomesgreatly simplified. In the output from pass 6 the assignment is
treated like an operator in the inverse Polish string. If in the above
example a, b, and c, are of type integer while d and e are of type real
the output will be

abcde - round prepare-assign: = := :=
where of course each of the operands is represented by the proper de-
scription in terms of block number and block relative address.

Procedure statements and function designators are made explicit by
pass 3 like assignment statements. In pass 4 they are transformed in
such a manner that they appear as a call which includes a listing of
each actual parameter, followed by the code representing any actual
parameters which are compound expressions. This is quite close to their
final form except in the case of calls of standard functions having one
parameter called by value (sin, cos, etc.). These are converted to appear
like operators in the final program by pass 6.-An example of the trans-
formation of procedure calls is given below.

In generating internal program points the translator nowhere employs
the customary symbolic address technique. Instead the known structure
of the text, in combination with stacks, is used to transmit the static
descriptions of program points from the place in the program where
the points appear to the place where the description is needed. This
may be illustrated by the following example of a procedure call:

Pia-i-b, c, d-e,!)

In the output from pass 3 this appears as 14 bytes:

P begin-call a + b call-parameter c call-parameter d - e
call-parameter !end-call

Pass 4 transforms this to the following string of 18 bytes (generated in
the reverse order):

begin-call P ! expression c expression end-call begin-expression
a + b end-expression begin-expression d - e end-expression
bypasslabel

At this stage the list of actual parameters has been formed. This list
reverses the order of the actual parameters. This is convenient for pass
8 which has to replace each Occurrenceof the symbol expression by the
static description of the entry point of the corresponding expression. In
fact, the reverse pass 8 need only record the program point description
of each begin-expression in a stack and then use the top element of this

p - ... -.. . .. '., ..... _-_ .... _-----, L
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stack to replace each occurrence of the symbol expression. In a similar
way the symbol bypasslabel serves to record the return point of the call
during pass 8. Since this will be used to replace the symbol end-call it
is clear from the above structure that a second stack must be used during
pass 8.

5. Translator methodology.
As will be clear from the discussion of the background of the project

the development of new methods of translation had a low priority.
Even so we have in the followingnotes tried to describe the most impor-
tant tools employed in the project. Where this description differs from
similar descriptions given elsewhere it will probably be found that the
difference is more one of the way we think about a tool than in the way
we use it. However, in view of the present rudimentary state of the dis-
cussion of translation methods this may still be of interest.

5.1. The stack as a transmission device.
The well-known principle of a stack (or push-down list, or cellar, or

first-in-last-out-list) is used extensively in the GIER ALGOL compiler.
We like to regard the stack as a devicefor transmitting information from
one point in a text to another. It may be used wherever the sections of
the text within which a piece of information to be transmitted exists,
form a nested parenthesis structure. This means that within one com-
munication process it is necessary to have as many stacks as there are
independent parenthesis structures to be taken care of.

A further distinction may usefully be made between the case where
a piece of information transmitted through the stack will be used just
once, and the case where one such piece may be used any number of
times. We tend to denote the former type of stack as a true push-down
list, the designation "stack" being used for the latter type.

The following notes discuss briefly the stacks used throughout the
compiler.

Pass 3. A push-down list holds those delimiters having left-parenthesis
character which have not yet been matched by a corresponding right-
hand delimiter. Example: While scanning the following text:

begin a : = if b then c[ i] else d;

the stack is used to communicate as follows:
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Transmitting symbol
begin

Receiving symbol

if
then
[
else

then
else
]

The information transmitted through the stack is used to create explicit
right-hand delimiters corresponding to those left-hand symbols which
do not already have them, and to replace those delimiters which in
ALGOL 60 are used for more than one purpose by more explicit ones.
This is reflected in the following text which is the output from pass 3
of the above input text:

begin a := if-expression b then-expression c[i] else-expression d
end-else-expression end-assign

Pass 4. This reverse pass uses a push-down list to transmit declara-
tions of quantities from the place in the program where the declaration
is written to the begin of the corresponding block, and also to transmit
the information about each actual parameter to the left parenthesis of
the procedure call.

Pass 5. A push-down list is used to transmit the descriptions of identi-
fiers across any such sections of the program where the identifier is
declared to have another meaning. The push-down list is used side by
side with a normal list having one position for each distinct identifier
of the program holding the current description of that identifier.

Pass 6. This uses two push-down lists. An operator list transmits the
operators from the place where they occur in the parenthesized input
string to the place where they are needed to form the corresponding
Polish string. An operand push-down list transmits the descriptions of
the kinds and types of operands (identifiers, numbers, variables, etc.) to
the place where they are operated upon.

Pass 7. A stack transmits the description of the storage of each operand
from the place in the Polish input string where it appears to the place
where it is finally operated upon, usually forming the address of an
instruction.

Pass 8. Two push-down lists are used, both for transmitting references
to points in the program from the place where the point is to the place
where it is referred to.

Running program. A stack is used to communicate all variable parts
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of the program. These include declared and internal working variables,
storage allocation coefficientsof arrays, dynamic program point descrip-
tions, and block information.

5.2. The Turing machine approach to text analysis.
In GIER ALGOL syntactic analysis of texts is mostly carried out by

a processwhich has some similarity to the working of a Turing machine.
The crucial feature of this method is the insistence on an explicit enu-
meration of the states in which the scanner may find itself at any time.
These states are regarded as equivalent and each is characterized by its
number. It is understood that the current state number must give a
description of the situation which is sufficient to be used for a complete
determination of the action to be taken on the following symbol in the
input, including the assignment of a new current state. Indeed, this
requirement may be regarded as the criterion that a proposed set of
states is in fact adequate for the analysis at hand.

This approach may conveniently be illustrated by the logic necessary
to analyze and check a text which purports to contain a number in the
sense of ALGOL 60. Let the text be composedof digits, points, exponent
tens, plus and minus signs, and a further class of symbols which we shall
denote terminators. Further let us set out to scan a piece of text which
contains any number of terminators followedby one ALGOL 60 number
followed by one terminator. In order to analyze and check such a text
our scanner will need 8 states. The logic may conveniently be described
by the followingtable which for each combination of a state and an input
symbol gives the new state. When an error has been found the new state
A (alarm) is indicated.

State +- digit point ten terminator

1: Only terminators yet 2 3 4 6 1
2: After first sign A 3 4 6 A
3: Among digits before point A 3 4 6 integer
4: Following point A 5 A A A
5: Among digits following point A 5 A 6 decimal number
6: Following ten 7 8 A A A
7: After exponent sign A 8 A A A
8: Among exponent digits A 8 A A number with exponent

The sequence of states of the scanner in a few examples is given below:

Input symbols: ; - 2 0 ;
States: 1 1 2 3 3 integer

Input symbols: 10 + 4 3 ;
States: 1 6 7 8 8 number with exponent
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The above description has stressed the checking aspect of the Turing
machine approach. However, an equally important aspect is the ease
with which arbitrary actions may be specified. In general each point in
the table with arguments state and input symbol will correspond to
exactly one unconditional action. By using this approach it is usually
possible to avoid tests in the individual actions to a surprisingly high
degree. This in our experience is a very effective way of reducing the
bulk and execution time of the translator algorithms.

The most extensive application of this approach is made in pass 3.
Surprisingly we have found that only 32 states exist while scanning a
correct ALGOL text in the manner suggested by Dijkstra (Ref. 7), i.e.
scanning up to the next following delimiter in each process. In order to
take care of source program errors we need another 4 states.

5.3. The use of tables and switches.
A large part of the logic of the GIER ALGOL translator is described

in tables. Usually the words in the tables contain 4 parameters of 10
bits each. Typically the basic translation cycle of a pass is controlled by
a central administration which takes an input byte, uses it to look up
a table, unpacks the word found in the table, and jumps to the action
whose address is given in one of the parameters of the word. The remain-
ing 3 parameters may then be used freely by the action program as
output byte values or the like.

This method is partly dictated by space economy considerations.
However, it has several positive advantages. First, it contributes to the
clarity of the logic. But the most important feature is the insistence on
the use of a switch for controlling the logic. We see this use of a switch
as an alternative to expressing the translator logic as an algorithm which
includes numerous tests of relations and Booleans for controlling the
action. We feel that the switch method is superior in all respects: clarity,
speed, storage economy.

5.4. Pseudo-evaluation of expressions.
The basic method used in the processing of expressions is pseudo-

evaluation. This method is in fact used twice: for type checking (pass 6)
and for the generation of final machine instructions (pass 7). By pseudo-
evaluation we mean that the compiler scans the expressions while keep-
ing at all times a complete account of all currently active operands and
using this account to combine the operands in the same manner as they
will be combined during the actual evaluation at run time. The pseudo-

L
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evaluation differs from an actual evaluation in the kind of information
about the operands which is being processed. During actual evaluation we
operate on the values of the operands. The pseudo-evaluation performed
during pass 6 operates on descriptions of the kinds and types of the
operands. During pass 7 we operate on the descriptions of the storage of
the operands.

The pseudo-evaluation is carried out at a stage when the expressions
are written in the Reverse Polish form. In this form there are two kinds
of operands: explicitly named variables and anonymous variables in
the stack. The appearance of a named variable always means that this
variable should be transferred to the top of the stack. The operators
always operate on anonymous variables.

The use of this method results in a very transparent logic. At the
same time it allows a great flexibility in the kind of operators which
may be handled. This is particularly important in the generation of
machine code for the more intricate structures of ALGOL 60 such as
the array declaration. Likewise the individual treatment of a great
variety of operands is possible. This is important if a complete checking
of types is aimed at.

5.5. Operand descriptions.
In using the method of pseudo-evaluation the form of the operand

descriptions is of some importance. Typically, during type and kind
checking the action program of each operator will have to check that the
operand, or operands, described by the top items of the operand stack
conform to proper usage. In ALGOL 60 we have to distinguish between
25 classes of operands while the number of operators is rather larger.
A simple way to handle this large number of combinations is to describe
each class of operands as a Boolean vector, kept as a bit pattern in one
machine word. Each element of this Boolean vector is designed to char-
acterize that division of the total class of operands which is of interest
in one particular operator action program. In this way the action pro-
gram of a particular operator will only have to test one single bit of
the operand description found at the top of the operand stack in order
to check whether the operand is proper.

In using this method we found that we needed 35 bits in the operand
description, which could therefore easily be kept in one machine word.

5.6. Formal errors in the source program.
One of the principal aims of the design was to let the compiler be an

effective checker of source programs by being able to continue to process
BIT 3 - 11
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a program even after errors in it had been found. The clue to this prob-
lem was found to lie in a complete integration of the logic of translation
and that of treating errors.

This approach could be applied most simply to errors of compatibility
of the declarations of an identifier and its uses (missing declarations,
incompatible kinds or types). When such an error is found the descrip-
tion of the identifier is changed to denote a special internal quantity,
"undeclared", and a suitable alarm message given. In all later occur-
rences the identifiers of this description are accepted without further
alarm messages. This method suppresses the avalanche of error messages
which will often occur in compilers with a more primitive technique
of error handling.

Errors of the delimiter structure cannot be handled as effectively as
this. The problem is to reestablish the synchronism between the text
given in the input string and the variables describing the state of the
translator. In general this problem has no unique solution and it is
necessary to resort to some ad-hoc convention. The solution we have
adopted consists in the complete removal from the input text of the
surroundings of the sore spot. This surrounding will usually comprise
a basic statement. In particular, care has been taken never to remove
any begin or end from the input string since this would usually cause
a very great amount of additional difficulty. This removal process can
be accomplished very easily during the forward pass 3, which detects
the errors of the delimiter structure, and the reverse pass 4.

Every error message produced by the translator gives the number of
the line in which the error occurs, in addition to a characterization of the
error. In this way only the carriage return characters of the source pro-
gram need be kept through the translation passes, while the original
identifiers can be eliminated completely during pass 2. In order to
facilitate the identification of errors pass 1 will optionally produce an
output of a copy of every lOth line of the source program with the line
number attached.

5.7. Writing and checking of the translator.
During the planning and development of the logic of the translator

ALGOL itself was used extensively. However, no attempt was made to
use a boot-strapping method, for two reasons: first, the size of the
available store would prohibit such an approach. Second, in our ex-
perience the manual transcription of the algorithms into machine lan-
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guage is an effort which pays off very well in the improved speed
and storage economy of the final product. The second of these statements
may be illustrated by the fact that pass 6, which had required one to
two man months for the development of its logic, could be transcribed
into machine code in about one man week.

During the development of the translation passes some pains were
taken to make all the members of the group familiar with all the logic.
Indeed, we believe that only by distributing the knowledge of the over-all
design of the translator as widely as possible among the participants in
the work it is possible to derive the maximum of benefit from the freedom
to choose the most suitable pass to perform each translation process.
One of the ways to achieve this was to insist on a very thorough manual
testing of all parts of the logic, before each part of the translator was
loaded into the machine for the first time. This manual checking would
always be done by another person than the one who had done the actual
programming, and would therefore force at least one other person to
familiarize himself with all details.

At all stages of the design great stress was placed on the problem of
checkingthe translator. The goal is to obtain the maximum of convenience
in obtaining information on the performance of the translator passes
and in specifying the test input. The solution adopted was the following:
The test output consisted entirely of the values of the bytes produced
by each pass. These values were printed neatly as ten integers per line
by a short output program which is a part of the general pass adminis-
tration. Only in the case of pass 8, which produces machine code, another
test output program had to be used. The problem of test input, on the
other hand, was solved simply by checking the passes strictly in their
natural sequence, in other words by checking first pass 1, then pass 2,
etc. Therefore the test input to any pass is written in ALGOL and the
check-out problem becomes one of writing test programs in ALGOL
specially taylored to each pass to make sure that all parts of the logic
of the pass are properly put to work.

This method proved to be highly successful. About 160 short ALGOL
programs were needed to check the complete translator while no other
diagnostic facilities (memory dumps, traces, or the like) were found
necessary, or even desirable. Even so the passes 6, 7, 8, 9, and the run-
ning system, including standard procedures, were all loaded into the
machine for the first time and checked during a period of 20 days. Al-
though there were still errors left after this period the result was good
enough to be distributed and widely used for several months in most
GIER installations.

..-, .. ''' .. ,... ----, .. --.---~



164 PETER NAUR

6. Size and performance.

6.1. The size of the translator and running system.
During translation the system occupies 138 out of the 320 tracks on

the drum, the remaining tracks being available for the partially translated
program. The number of words used for the programs and permanent
tables and the use of the remaining part of the core store during each
phase of the translation and execution process are as follows:

Phase Words for
Program Tables

371 0

Use of the remaining part of
the core store

Each pass has 769 words at its
disposal.
Buffer for long text strings: 40
words.
Identifier table: max. 618 words.
Delimiter push-down list: max,
237 words.
Declaration collection push.
down list: max. 510 words.
Identifier description lists: max,
570 words.
Operator push-down: max, 50
words, operand push-down: max
72 words.
Operand stack: max. 61 words.
Program reference push-down
lists: max. 293 words.
Track table: 182 words.
Program segments and varia-
bles: max, 810 words.

General pass administration

Pass 1 501 132

2
3

89 62
264 268

4 216 43

5 172 29

6 348 299

7
8

529 179
336 140

9
Running system

185 16
280 0

Standard procedures
The total system

740 0
4031 + 1168 = 5199 words.

The size of the intermediate forms of average programs varies by a
factor of about 2, the output from pass 2 being the shortest and the
final machine code the longest. This means that if the final program can
be accomodated in the machine then the same will hold for all the inter-
mediate versions.

The capacity of the working areas of the passes is adequate. In fact,
although the compiler is used extensively for large production programs
in several installations we know of no realistic program which could not
be compiled because of overflow of push-down lists or stacks.

During program execution only the running system and standard
procedures are needed and the pass programs and tables may be over-
written by variables. However, if the translator is not destroyed in this
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way the translation of a program may start immediately upon completion
of execution of the preceding program.

6.2. The performance of the system.
As already mentioned the compile time is about 2 seconds per final

segment of 40 words, corresponding to about 60 one-address machine
instructions. For very short programs a basic time of about 4 seconds
becomes prominent. This is about 4 times as slow as input from binary
tape, but faster than input of symbolic machine code. At this speed the
compile-and-go mode is very attractive, and in fact no program for
producing an output of the compiled program in binary form has so
far been written.

More than one third of the translate time is spent in pass 1. This pass
is in fact input limited in speed. Each of the remaining passes takes
between 5 and 14 percent of the total translate time of fair-sized pro-
grams, pass 2 (identifier matching) leading with pass 7 (generation of
machine instructions for expressions) a close second.

The error detecting capabilities of the translator fully satisfy the design
goal and have proved very convenient in practise. In fact, the translator
may be used as an extremely effective proof-reading device.

When the performance of the translated program is being discussed
the normal reaction is to ask for a comparison of the execution speed of
a compiled and a hand-coded program. There are several reasons why
we do not wish to try to answer this type of question:

1. The question is undefined as long as it is not specified what the
kind of the problem is, who does the machine coding, and what the rules
for transcribing the algorithmic constituents between ALGOL 60 and the
machine coding are supposed to be. In particular on the last score there
is room for a large factor of uncertainty in a system like GIER ALGOL
which includes powerful mechanisms for storage allocation not normally
considered in hand coding.

2. Even if a well-defined comparison can be made the outcome of it
is of no particular interest because it does not point to constructive
improvements of the design.

For these reasons we wish to base our assessment of the performance
of the system on analyses of the time spent on the various language
functions during the execution of realistic, practical algorithms. By this
approach we will be able to detect the bottlenecks of the execution.
Analyses of this kind have been made for algorithms for inverting ma-
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trices, for finding eigenvalues of symmetric matrices, and for definite
integration by Simpson's rule. These analyses very definitely point to
two bottlenecks: (1) subscripting, and (2) transfer of control to a seg-
ment which is already present in the core store. The relative importance
of these two items varies greatly, not only with the program, but also
with the manner in which the program happens to be segmented. How-
ever, as a rough average it appears that these two items together account
for well over half the execution time of many realistic programs. As a
further conclusion it may be stated that such programs might be speeded
up by a factor of two or more if two or three special machine instructions
designed to take care of these two problems were included in the machine.
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MINIATYRISERING AV ELEKTRONIKKOMPONENTER

BENGT JIEWERTZ

Abstract.
The paper describes the main features of the miniaturization technique used

for production of circuit elements. Integrated circuits (microblocks) are believed
to dominate in the near future, while micro-circuits produced by thin-film-tech-
nique, and discrete active and passive components should be much less frequent.
The influence of the miniaturization on the size and the speed of computers is
particularly stressed.

En undersokning som gjorts av Stanford Research Institute med stod
fran olika firmor inom elektronikbranschen har kommit fram till att ar
1970 kommer att i USA saljas halvledarkomponenter av olika slag fOr
ca 800 millioner dollar. Av dessa ar den dominerande delen eller 85%
av typen integrerade kretselement (mikroblock) med diffunderade ak-
tiva och passiva komponenter. Knappt 10% utgores av mikrokretsar
utforda med tunn-film-teknik bestaende av forangade passiva kompo-
nenter, medan endast ca 5% utgores av diskreta aktiva och passiva krets-
komponenter. Denna dominerande roll som man saledes tror att inte-
grerade kretselement skall intaga, beror pa att man vid fabrikationen
bygger pa kanda transistortillverkningsmetoder samt att kretselementen
i mycket stor utstraokning kommit till anvandning inom datamaskin-
tekniken. Hitintills har integrerade kretselement anvants i relativt liten
utstrackning och mest i prototyper av olika slag. Undersokningen indi-
kerar ooksa att anvandandet av integrerade kretselement kommer att
oka kraftigt omkring 1965. I ovanstaende forsaljningssiffror utgor mili-
tar elektronik over halften, medan industriell anvandning svarar for en
tredjedel. Undersokningen har ocksa visat att integrerade kretslement
aven i fortsattningen kommer att tillverkas i stor utstrackning av fabri-
kanter av halvledare och ej, som man ibland har trott, i stallet av appa-
rattillverkare. For narvarande finns det ett tjugotal halvledartillverkare,
som tillverkar integrerade kretselement av olika typer.

Mikrominiatyriseringen har drivits fram genom foljande krav, som
man ur olika synpunkter, speciellt militara, kommit att stalla pa mo-
derna, avancerade elektroniksystem. Dessa krav har anknytning till
elektroniksystemets eller apparatens palitlighet, kostnad, storlek och
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